Sequential helminth egg inactivation using a solar driven advanced oxidation process (AOP) followed by chlorine was achieved. The photo-assisted Fenton process was tested alone under different H 2 O 2 and/or Fe(II) concentrations to assess its ability to inactivate Ascaris suum eggs. The effect of free chlorine alone was also tested. The lowest egg inactivation results were found using Fe(II) or H 2 O 2 separately (5 and 140 mmol L À1 , respectively) in dark conditions, which showed about 28% inactivation of helminth eggs. By combining Fe(II) and H 2 O 2 at the same concentrations described earlier, 55% of helminth egg inactivation was achieved. By increasing the reagent's concentration two-fold, 83% egg inactivation was achieved after 120 min of reaction time. Process efficiency was enhanced by solar excitation. Using solar disinfection only, the A. suum eggs inactivation reached was the lowest observed (58% egg inactivation after 120 min (120 kJ L À1 )), compared with tests using the photo-Fenton process. The use of the photo-Fenton reaction enhanced the process up to over 99% of egg inactivation after 120 kJ L À1 when the highest Fe(II) and H 2 O 2 concentration was tested. Practically no effect on the helminth eggs was observed with free chlorine alone after 550 mg min L
INTRODUCTION
Lack of access to water and sanitation services is a current problem in communities of developing countries (WHO/ UNICEF ). About one-sixth of the world's population suffers without access to proper water and sanitation ser- ; Campos ). Ascaris eggs can survive for long periods and are particularly resistant to disinfection and the ingestion of just a few Ascaris eggs may be enough to cause infection (Carr ) . These pathogens cannot be inactivated using chlorine, UV radiation or economic doses of ozone (Jimenez ) . Contrarily, it has been demonstrated that some non-conventional disinfection methods are not only unable to deactivate Ascaris egg, but, in some cases, accelerate larval development (Aladawi et al. ) .
In recent years, the application of advanced oxidation processes (AOPs) for helminth egg inactivation has emerged as an alternative for reducing the risk of consumption of water contaminated with these pathogens. Destruction of helminth eggs using ozone (Orta et al. , ) , UV radiation with the use of photosensitizers (Alouini & Jemli ) and photo-Fenton reaction (Ramírez et al. , ) have demonstrated the viability of using these technologies for deactivating those pathogens in water. Application of AOPs to accelerate inactivation of pathogens has been widely described in the past for bacteria (Block et It has been suggested that the application of ozone followed by free chlorine, hypochlorous acid, or chloramines, significantly increases the inactivation rate of Cryptosporidium parvum oocysts (Driedger et al. , ; Rennecker et al. ) . The high efficiency demonstrated by sequential disinfection using the ozone-chlorine pair could be related to the generation of different reactive oxygen species (i.e.
hydroxyl radicals) by the use of ozone which could synergically enhance the oxidative properties of chlorine improving the overall inactivation rate. If this hypothesis is true, it could mean that other methods producing hydroxyl radicals would be able to produce a similar synergic effect in sequential processes. The purpose of this study is to show our results in the application of a sequential disinfection process using the photo-Fenton reaction, a hydroxyl radical-producing process, coupled with free chlorine in the inactivation of Ascaris suum eggs in water.
EXPERIMENTAL Reagents
The chemicals used in the experiments, FeSO 4 · 7H 2 O (Baker), H 2 O 2 (50% stabilized, Baker) and NaClO 4 (available chlorine 10-13%) were reagent grade and were used as received. A. suum eggs were purchased from Excelsior Sentinel Inc. (Ithaca, NY) as a concentrate with 100,000 eggs (90% of viability).
Preparation of microorganisms
From the A. suum concentrate, dilutions with approximately 6,250 eggs were prepared in 20 mL of distilleddeionized water. All the experimental runs were carried out using the same egg concentration. After the end of the experimental run, all samples collected were diluted as described earlier and incubated to start the viability analysis. All the experimental assessments were carried out in triplicate and are shown as the average value with error bars showing the variation coefficient for every experiment.
Photo-assisted oxidation process
For the photo-Fenton process, the same reaction conditions described in section 'Dark oxidation process' were used. In this case, the experiments were carried out using solar radiation and conducted in a bench-scale solar collector. The 50-mL glass vials were put in the focus of a compound para- 
where Δt is the time between radiation measurements, Q n the accumulated energy (kJ L À1 ), G n the adjusted global radiation (W m À2 ) measured in the radiometer in each experiment, A the module area (m 2 ), and V the total system volume (L). Accumulated energy has been used as a measurement of solar radiation dosage on the photocatalytic disinfection of bacteria and fungi (Sichel et al. ) , so we will use it in order to carry out comparative solar photocatalytic disinfection results.
During the application of the photocatalytic process, different samples were obtained under the same conditions as described earlier for dark experiments and handled in the same way to obtain the viability determination. In this case, as in dark experiments, all the experimental runs were also carried out in triplicate.
Sequential inactivation
Experimental runs to test the sequential inactivation of A. suum eggs were carried out as follows: After the application of photo-Fenton process (60 min of irradiation), the helminth eggs were filtered, rinsed several times with sterilized de-ionized water in order to remove the remaining reagent in the matrix as proposed by Ramírez et al. () .
Once the samples were free of Fe(II) and hydrogen peroxide, helminth eggs were re-suspended in a phosphate buffer solution (pH ¼ 7.0) and its viability was determined before chlorine application. The viability value determined at this stage was considered initial (t 0 ) time for chlorine inactivation. After the viability sample was taken, a few mL of NaClO 4 solution were added to the suspension until reaching the desired chlorine concentration (7 mg L À1 ). Samples were obtained at different times (10, 20, 50 and 80 min) and residual chlorine was quenched in the samples by using a 0.1-mM sodium thiosulfate solution and transferred to the incubator to start the viability assessment. Free chlorine concentration in the sample after the completion of the disinfection experiment was determined by the DPD colorimetric method (Sirikanchana et al. ) . For comparative purposes, a set of experimental runs were carried out by using chlorine alone without previous application of the photo-assisted process in order to test the ability of the oxidant agent alone on A. suum inactivation. In this case, as in the rest of the experiments, all the experimental runs were also carried out in triplicate.
RESULTS AND DISCUSSION
Dark oxidation process 
where C 1 and C 2 are the initial and final count of viable eggs, 
respectively, subjected to the same inactivation process for (t 2 Àt 1 ) minutes.
Results for the application of Equation (2) to the experimental data included in Figures 1 and 2 are depicted in ). These results suggest that using Fenton reaction may improve the egg inactivation process more than five times when compared with the use of iron or hydrogen peroxide separately.
Photo-assisted oxidation process
Using solar radiation conditions as the energy source for driving the photo-Fenton process, as shown in Figure 3 , we found that solar radiation alone was able to produce 58% egg inactivation after 120 min of irradiation (120 kJ L Fe(II), 46% egg inactivation was obtained, which was lower than solar radiation alone (58% inactivation). This can be rationalized considering that Fe(II) and helminth eggs could compete for solar radiation. Nevertheless, it is important to note that total egg inactivation reached for Fe(II) alone under solar radiation was considerably higher than the results for the dark process. Whereas, under dark conditions, the best egg inactivation obtained using Fe(II) alone was around 30%; when solar radiation was included in the experiments, egg inactivation as high as 46% was reached for the lowest Fe(II) conditions. In this case, the synergic effect of solar disinfection and the Fenton-like process described earlier between Fe(II) and dissolved oxygen could improve the reaction rate of the process generating the observed improvement in the overall egg inactivation.
The same trend can be observed from Figure 3 , when hydrogen peroxide was added under solar radiation conditions. In this case, the use of solar radiation increased egg inactivation probably by hydroxyl radical generation according to Reaction (5), (Table 1) . The process could be, at least, partially responsible for the improvement of egg inactivation of up to 70% after 120 min of irradiation (about 1,131 kJ L À1 of accumulated energy) compared to 28% egg inactivation under the dark condition. The photoassisted cleavage of hydrogen peroxide proposed in Reaction (5), (Table 1) is suggested to take place at 254 nm; nevertheless, Pignatello et al. () have demonstrated that this reaction is able to occur even at wavelengths of up to 360 nm but at lower quantum yields than those included in Table 1 . Once formed, hydroxyl radicals can react fast with organic matter with a second order rate constant of 10 9 -10 10 M À1 s À1 (Mabury & Crosby ) probably generating the observed egg inactivation.
More interesting results were achieved for the photoFenton reaction (Reactions (3) and (4), Table 1 ) where 97% of Ascaris eggs inactivation was reached after 120 min of treatment (ca 120 kJ L À1 of accumulated energy). Table 2 shows also the results of the application of Equation (2) to the data shown in 
Sequential inactivation assessments
In order to determine the actual effect of chlorine alone on egg inactivation, experimental runs using this oxidant as the only disinfectant agent were carried out. In Figure 5 , results of the use of chlorine alone for A. suum egg inactivation as a function of C × t value is shown. In these results, C × t values are based on the concentration of chlorine that was initially added since no significant variation of initial chlorine concentration was observed during all the experimental trials. to any further drinking water procedure, mainly when surface water is used as the main drinking water source.
Inactivation data estimated from the experiments (decimal reduction time, D) performed showed that the use of solar radiation as the driving force to carry out the AOP included in the proposed sequential process allowed the reaction to improve several times and also led to an interesting use of alternative energy sources to potentially improve water quality and, consequently, the quality of life for vulnerable segments of the population in developing countries.
Despite solar activated water purification technologies being demonstrated to be suitable for use in developing countries, more work is required in order to generate a reliable, cost-efficient technology to be applied in, for example, point-of-use drinking water treatment devices in isolated, marginal rural areas of developing countries.
Results shown in this work are a very interesting possibility for the use of non-conventional energy sources for application in the generation of safe drinking water for poor areas with problems related to water scarcity.
